Epidemiological and experimental studies reveal that Western dietary patterns contribute to chronic kidney disease, whereas dietary restriction (DR) or dietary polyphenols such as green tea polyphenols (GTPs) can ameliorate the progression of kidney injury. This study aimed to investigate the renal protective effects of GTPs and explore the underlying mechanisms. Sixty Wistar rats were randomly divided into 6 groups: standard diet (STD), DR, high-fat diet (HFD), and three diets plus 200 mg/kg(bw)/day GTPs, respectively. After 18 weeks, HFD group exhibited renal injuries by increased serum cystatin C levels and urinary N-acetyl-β-D-glucosaminidase activity, which can be ameliorated by GTPs. Meanwhile, autophagy impairment as denoted by autophagy-lysosome related proteins, including LC3-II, Beclin-1, p62, cathepsin B, cathepsin D and LAMP-1, was observed in HFD group, whereas DR or GTPs promoted renal autophagy activities and GTPs ameliorated HFD-induced autophagy impairment. In vitro, autophagy flux suppression was detected in palmitic acid (PA)-treated human proximal tubular epithelial cells (HK-2), which was ameliorated by epigallocatechin-3-gallate (EGCG). Furthermore, GTPs (or EGCG) elevated phosphorylation of AMP-activated protein kinase in the kidneys of HFD-treated rats and in PA-treated HK-2 cells. These findings revealed that GTPs mimic the effects of DR to induce autophagy and exert a renal protective effect by alleviating HFD-induced autophagy suppression.
Nutrients 2017, 9, 497 3 of 14 As GTPs exert an autophagy-inducing effect just like DR, we hypothesize that GTPs may protect against HFD-induced renal function impairment by regulating autophagy flux. Hence, in this study, we investigated the effects of GTPs on renal function in high-fat diet-fed rats and explored the underlying mechanisms.
Materials and Methods

Materials
GTPs (purity > 98%) were obtained from Fuzhou Rimian Inc. (Fuzhou, China); EGCG (purity ≥ 95%) and palmitic acid (PA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rabbit polyclonal antibodies of Beclin-1, p62/SQSTM and Rabbit monoclonal antibodies of GAPDH, AMP-activated protein kinase (AMPK), p-AMPK (Thr172) were purchased from Cell Signaling Technology (Beverly, MA, USA). Rabbit polyclonal LC3-II antibody was provided by Novus (Littleton, CO, USA). Mouse monoclonal lysosomal-associated membrane protein 1 (LAMP-1) antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal antibodies of cathepsin B and cathepsin D were purchased from Proteintech (Wuhan, China) and mouse monoclonal β-Actin antibody was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Animals
Male Wistar rats (150-160 g) were obtained from Hubei Research Center of Laboratory Animals (Wuhan, China) and housed in well-ventilated cages under adjustable conditions (12 h light/dark cycle, 22-26 • C, 55%-65% humidity) with unrestricted access to water. The animal experiments were approved by The Institutional Animal Care and Use Committee of Huazhong University of Science and Technology (IACUC Number: 412) and the animals were cared for according to guidelines and authorization for care and use of laboratory animals. After one week's acclimation, they were randomly divided into 6 groups: (1) standard diet ad libitum (STD; 20% crude protein, 5% lipids, 4% crude fiber, 8% ash, 1.4% calcium, 0.9% phosphorus, 2% vitamin and 52% carbohydrates, w/w); (2) 30% dietary restriction of standard diet (DR); (3) modified high-fat diet ad libitum (HFD; 60% standard diet, 12% lard, 10% sugar, 8% yolk powder, 6% peanut powder, 3% casein and 1% milk powder, w/w ); (4) STD with 200 mg/kg(bw)/day GTPs (STD+GTPs); (5) DR with 200 mg/kg(bw)/day GTPs (DR+GTPs); and (6) HFD with 200 mg/kg(bw)/day GTPs (HFD+GTPs). Animals on the DR and DR+GTPs groups received 30% less food than standard diet. Animals were maintained on the interventions for 18 weeks. Body weights were measured once a week, food consumption was recorded every day and the quantity of food given to the DR rats was adjusted daily according to the food consumption of the STD rats.
Rats were transferred to metabolic cages for 24-h urine collection. Samples were collected and centrifuged at 1000 g for 10 min. Urine was transferred to tubes and volume was measured. Urinary N-acetyl-β-D-glucosaminidase (NAG) (Jiancheng Bioengineering, Nanjing, China) and urinary creatinine (BIOSINO, Beijing, China) were detected using a commercial kit. Prior to sacrifice, rats were fasted overnight and blood was collected, then serum was obtained by centrifugation (1200 g for 15 min at 4 • C). Serum total cholesterol, triglyceride, blood glucose and creatinine concentrations were assayed by the colorimetric method (BIOSINO, Beijing, China). Serum cystatin C (Cys C) was measured using ELISA kits (Biovendor, Heidelberg, Germany). Endogenous creatinine clearance rate (Ccr) (mL/h/kg(bw) = [urinary creatinine (µmol/L) × urine volume (mL/h)]/serum creatinine (µmol/L)/body weight (g). Simultaneously, rat kidneys were rapidly taken out, immediately frozen in liquid nitrogen, and stored at −80 • C until analysis. Kidney coefficient = kidney weight/body weight × 100. 
Cell Culture
Human proximal tubular epithelial cells (HK-2) were kindly provided by Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China). Cells were cultured with DMEM/F12 supplemented with 10% fetal bovine serum and 10 µg/mL gentamicin in a humidified atmosphere containing 5% CO 2 incubator at 37 • C. All experiments were conducted following 8-15 passages when the cells reached 80%-90% confluence.
Morphologic and Red O Oil Staining
Tissues were removed and fixed with 4% paraformaldehyde solution, then were embedded in paraffin, sectioned in 5-µm sections and stained with hematoxylin and eosin (H & E). Tissues were embedded in Tissue-Tek OCT compound for red O oil staining, and samples were scanned under a light microscope.
Western Blot Analysis
Rat kidney tissues of the six groups were rapidly homogenized and then lysed in cold RIPA extraction buffer (Beyotime, Haimen, China) and then incubated in ice for 2 h. The lysate was centrifuged at 12000 rpm for 15 min at 4 • C and the supernatant was collected. The protein concentration was determined using BCA Assay (BOSTER, Wuhan, China). Equal amounts of protein solutions were mixed with Sodium dodecylsulfate sample buffer and incubated for 5 min at 98 • C before loading. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunological blotting were performed on the basis of the method of Amersham Biosciences (Buckinghamshire, UK). Protein expression bands were detected by a chemiluminescent detection system (Syngen, Cambridge, UK) and analyzed with Chemidoc-Quantity-One (Bio-Rad Laboratories) software.
Statistical Analysis
Data were expressed as means ± SD in animal experiments and as means ± SEM in cell experiments. Protein expression experiments were reproduced three to five times, and representative experiments are presented in figures. Statistical analysis was performed by ANOVA using SPSS 13.0 (SPSS, Chicago, IL, USA). All p values were two-tailed and differences were considered significant when p < 0.05.
Results
Body Weight, Blood Glucose and Serum Lipid Levels in Different Diet Groups
Compared to the STD group (Figure 1 ), body weight, visceral fat coefficient, and total cholesterol were markedly increased and kidney coefficient was significantly decreased in HFD, while body weight and triglyceride levels were decreased significantly in DR group (p < 0.05). In addition, GTPs improved body weight, visceral fat coefficient and kidney coefficient of HFD-fed rats (p < 0.05), and reduced blood glucose, triglyceride, and total cholesterol levels in HFD group (p < 0.05), even though there was no significant difference of energy intake between HFD and HFD+GTPs. GTPs reduced total cholesterol levels of DR-fed rats compared to DR group (p < 0.05). 
Renal Function in Different Diet Groups
As shown in Table 1 , urinary NAG and serum Cys C levels were significantly increased (p < 0.05), while no significant change of Ccr was observed in HFD group compared to STD group. However, a significant increase in Ccr and a decrease in urinary NAG was shown in rats fed on DR with or without GTPs compared to STD (p < 0.05). No significant differences were observed in the levels of these three biomarkers between STD+GTPs and STD rats. However, HFD+GTPs exhibited lower urinary NAG and serum Cys C than those in HFD group (p < 0.05). These results suggested that DR and GTPs have no effects on renal function in healthy rats and treatment with GTPs ameliorated early kidney injury induced by HFD. 
Autophagy Activity of Kidney in Different Diet Groups
As shown in Figure 2 , the protein expressions of LC3-II ( Figure 2B ), Beclin-1 ( Figure 2C ) and p62/SQSTM1 ( Figure 2D ) in HFD group were at higher levels than those of STD group (p < 0.05). And the protein expression of LC3-II in the kidneys was significantly increased in STD+GTPs, DR and DR+GTPs compared to STD group, and protein expression of Beclin-1 was increased in DR (p < 0.05); besides, the expression of p62/SQSTM1 was significantly decreased in STD+GTPs compared to STD (p < 0.05). Furthermore, decreased p62/SQSTM1 expression was detected in HFD+GTPs group compared to HFD group (p < 0.05). These results revealed that GTPs and DR can induce autophagy in rat kidney and GTPs can mitigate HFD-induced autophagy impairment. 
Lysosome Function of Kidney in Different Diet Groups
HFD significantly increased the expression of LAMP-1 and decreased cathepsin B expression compared to STD group (p < 0.05). The protein level of cathepsin B was increased in STD+GTPs and DR+GTPs, and LAMP-1 expression was elevated in STD+GTPs compared to STD (p < 0.05). Moreover, GTPs reduced the expression of LAMP-1 and enhanced the expression of cathepsin B in HFD-fed rats (p < 0.05, Figure 3B,C) . No significant differences in the expression of cathepsin D were 
HFD significantly increased the expression of LAMP-1 and decreased cathepsin B expression compared to STD group (p < 0.05). The protein level of cathepsin B was increased in STD+GTPs and DR+GTPs, and LAMP-1 expression was elevated in STD+GTPs compared to STD (p < 0.05). Moreover, GTPs reduced the expression of LAMP-1 and enhanced the expression of cathepsin B in HFD-fed rats (p < 0.05, Figure 3B,C) . No significant differences in the expression of cathepsin D were observed in all groups ( Figure 3D ). All together, these results demonstrated that HFD caused lysosomal hydrolases reduction and lysosome overloading, which can be improved by GTPs. Nutrients 2017, 9, 497 7 of 13 
EGCG Enhanced Autophagic Flux and Ameliorated PA-Induced Autophagy Impairment in HK-2 Cells
PA-BSA treatment increased the protein expression of LC3-II and p62/SQSTM1 in HK-2 cells ( Figure 4A,B) . LC3-II turnover was further examined in the presence and absence of bafilomycin A1. Pretreatment with bafilomycin A1 (100 nM) increased LC3-II accumulation; PA did not further increase LC3-II accumulation when treated with bafilomycin A1 (Figure 4C ). EGCG increased LC3-II expression in a dose-dependent manner ( Figure 4D ) while it did not alter p62/SQSTM1 expression in HK-2 cells ( Figure 4E ). Co-treatment with EGCG increased expression of LC3-II ( Figure 5B ) and reduced the expression of p62/SQSTM1 compared to PA-BSA treatment alone ( Figure 5C ). These results showed that EGCG enhanced autophagic flux and EGCG ameliorated PA-induced autophagy impairment in HK-2 cells. 
PA-BSA treatment increased the protein expression of LC3-II and p62/SQSTM1 in HK-2 cells ( Figure 4A,B) . LC3-II turnover was further examined in the presence and absence of bafilomycin A1. Pretreatment with bafilomycin A1 (100 nM) increased LC3-II accumulation; PA did not further increase LC3-II accumulation when treated with bafilomycin A1 (Figure 4C ). EGCG increased LC3-II expression in a dose-dependent manner ( Figure 4D ) while it did not alter p62/SQSTM1 expression in HK-2 cells ( Figure 4E ). Co-treatment with EGCG increased expression of LC3-II ( Figure 5B ) and reduced the expression of p62/SQSTM1 compared to PA-BSA treatment alone ( Figure 5C ). These results showed that EGCG enhanced autophagic flux and EGCG ameliorated PA-induced autophagy impairment in HK-2 cells. expression of (A) LC3-II and (B) p62 in HK-2 cells exposed to PA-BSA (150 μM); (C) LC3-II turnover; HK-2 cells were pretreated with bafilomycin A1 (100 nM) for 3 h, subsequently incubated with PA-BSA (150 μM) for 12 h and LC3-II level was evaluated by western blot analysis. The relative protein levels of (D) LC3-II and (E) p62 in HK-2 cells exposed to EGCG. β-Actin served as loading controls. Data are expressed as mean ± SEM (n = 3-5). * p < 0.05 vs. control group (BSA). 
GTPs and EGCG Stimulated AMPK Activity In Vivo and In Vitro, Respectively
Phosphorylation of AMPK was significantly decreased in HFD, while it increased in DR and STD+GTPs compared to STD group. Nevertheless, GTPs significantly increased the expression of AMPK phosphorylation in the kidney of HFD rats ( Figure 6A ). In HK-2 cells, PA-BSA induced a decrease in phosphorylation of AMPK, which was improved by EGCG ( Figure 6B ). Altogether, GTP treatment attenuated HFD-induced autophagy suppression partially via AMPK pathway. 
Discussion
In this study, we showed that HFD rats exhibited an increased body weight gain, fat 
In this study, we showed that HFD rats exhibited an increased body weight gain, fat accumulation, serum blood glucose and lipid levels and liver lipid storage. Ccr can represent the glomerular filtration function to some extent, but it usually changes in serious renal damage. Serum Cys C is considered a biomarker of early renal damage. Urinary NAG is a biomarker in renal tubule injury. The rats fed on HFD also showed increased serum Cys C and urinary NAG activity without altering Ccr and kidney structure, indicating that the renal injury induced by HFD was in early stage. Similar effects have also been observed in mice kidney induced by HFD [28] . The renal benefits of DR have been shown on rats with obesity-linked renal disease [8] . In our study, GTP intervention alleviated HFD-induced renal injury, indicated by reduced serum Cys C levels and urinary NAG activity. Besides, Ccr was increased in DR and DR+GTPs, indicating hyperfiltration. Green tea has been reported to improve kidney function in streptozotocin (STZ)-diabetic rats [25] . Pan and colleagues demonstrated that resveratrol, another kind of phyto-polyphenol, ameliorates renal injury and proteinuria in obese rats induced by a 12-week HFD [29] . Therefore, the results demonstrated that GTPs have protective effects on renal injury induced by HFD.
The autophagy-lysosomal system plays a pivotal role in the homeostasis and survival of renal cells, and dysregulation of autophagy might contribute to the development of kidney diseases [16, 30] . There has been extensive work in kidney diabetic models, as in high glucose-cultured proximal tubular epithelial cells (PTECs), in which autophagy activity is increased and serves as a renal protective response. Hence, autophagy activators can attenuate high glucose-induced lipid accumulation [31] . Liu reported that autophagy inactivation is induced by lysosomal impairment in PTECs exposed to advanced glycation end products (AGEs), which results in the accumulation of abnormal proteins [32] . However, little work has been done with HFD and autophagy in the kidney. In this study, increased expression of LC3-II was observed in HFD, DR and STD+GTPs groups, and increased protein expression of Beclin-1 was observed in HFD and DR groups, which indicated increased autophagosomes in these groups. On the contrary, p62/SQSTM1 as an indicator of autophagosome degradation also increased in HFD group, while GTPs decreased p62/SQSTM1 expression. The increase in p62/SQSTM1 protein levels in HFD group may be due to impaired autophagosome degradation. Besides, cathepsin B, the main kidney cysteine protease, was decreased in HFD group and was increased in STD+GTPs group. These results revealed that HFD suppressed autophagy activity and consequently induced LC3-II accumulation, and DR or GTPs enhanced autophagy activity. The hyperfiltration in DR and DR+GTPs might be associated with the autophagy enhancement. Kitada et al. reported that DR promoted autophagy and increased Ccr in diabetic Wistar fatty (fa/fa) rats [18] . The exact explanation needs further investigation. In vitro, increased protein expressions of LC3-II and p62/SQSTM1 were also observed in HK-2 cells exposed to PA-BSA. An accurate examination of LC3-II turnover was the principal method for monitoring autophagic flux. Compared with treatment with bafilomycin A1 alone, PA did not increase the amount of LC3-II when pretreated with bafilomycin A1. Bafilomycin A1 was able to block the fusion of autophagosomes with lysosomes, and the results indicated that the initiation of autophagosomes was not increased; therefore, the increased LC3-II was due to decreased degradation, suggesting PA impaired autophagy flux in HK-2 cells. Taken together, HFD impaired autophagy activity in rat kidney, and the impairment of autophagy may be a causative to renal injury induced by HFD.
Our previous study had demonstrated that GTPs promote autophagy flux and alleviate high glucose-induced inhibition of autophagy in endothelial cells [27] . Similarly, we have shown that DR or GTPs enhanced autophagy activity in kidney of rats. Then we investigated whether GTPs can ameliorate high-fat diet-induced autophagy impairment. In the present study, our results showed that GTP treatment decreased the expression of p62/SQSTM1 in HFD rats, indicating GTPs mitigated autophagy impairment induced by HFD. EGCG is the major constituent of GTPs, and most of the health-promoting effects of GTPs are attributed to EGCG. In vitro, the effects of EGCG on autophagy impairment induced by PA are in accordance with our in vivo study. Moreover, GTP treatment mitigated HFD-induced overloading of lysosome and improved the lysosome function with an increase of cathepsin B expression, suggesting GTPs may promote autophagy through improving lysosome protease. A study reported EGCG has the ability to protect the lysosomal membrane and maintain lysosomal enzyme activity in heart [33] . CR has been reported to enhance autophagy and ameliorate oxidative damage in the heart and kidney of aged rats [34, 35] . And, several reports have suggested that some of the beneficial effects of GTPs may be mediated by autophagy [26, [36] [37] [38] . Kim reported that EGCG treatment facilitated inhibition of the fusion process of autophagosome and lysosome induced by palmitate in endothelial cells [38] . EGCG was also shown to stimulate hepatic autophagy by promoting the formation of autophagosomes and increasing lysosomal acidification [37] . Combined with these results, GTPs show similar effects on autophagy enhancement to DR and alleviate HFD-induced autophagy impairment.
AMPK is a ubiquitous heterotrimeric kinase and is abundantly expressed in the kidney. As a cellular energy sensor, AMPK is one of major regulators of autophagy activity. In addition, AMPK plays an important role in several renal diseases [5, 39] . We suppose AMPK may be involved in the protective effects of GTPs against kidney injury induced by HFD. In the present study, DR and GTPs stimulated AMPK activity, while HFD reduced phosphorylation of AMPK. Likewise, GTPs (or EGCG) treatment elevated phosphorylation of AMPK both in the kidney of rats fed on HFD and in HK-2 cells exposed to PA. AMPK activity was reported suppressed in the kidney of mice fed with high-fat diet, and AMPK activation normalized the changes induced by high-fat diet [5, 40] . Watanabe et al. demonstrated that DR prevents postinfarction heart failure via enhancing autophagy, and AMPK activation is one possible way to improve autophagic flux through DR [41] . In endothelial cells, EGCG reduced palmitate-induced lipid droplet storage through inducing autophagy via a Ca2+/CaMKKβ/AMPK-mediated mechanism [38] . And resveratrol promoted autophagy via upregulating SIRT3 expression and AMPK phosphorylation in macrophages [42] . Therefore, AMPK may play a role in the autophagy-inducing properties of GTPs in renal protection, which is similar to that of DR. However, the exact mechanism by which GTPs can induce autophagy and alleviate HFD-induced autophagy-lysosome impairment in rat kidney will need further investigation.
In summary, HFD was shown to suppress AMPK activity, cause lysosome dysfunction, and deteriorate autophagy in kidney of rats, which may contribute to renal injury induced by HFD. GTPs mimic the effects of DR on AMPK stimulation and autophagy enhancement, and ameliorate HFD-induced renal injury and autophagy impairment. As dietary polyphenols including GTPs possess beneficial effects similar to those of DR, it is possible that people keep in good health and enjoy delicious meals at the same time. Therefore, our results suggest GTPs might be a potential renal protective supplement in the Western lifestyle. However, the exact effects of GTPs on human renal protection still need further clinical investigation.
